Intravenous fluid therapy is an important component of septic shock management. However, reliable prediction of the haemodynamic response to a fluid bolus continues to pose a challenge. Accurate evaluation is important to avoid unnecessary volume replacement which can be deleterious in critically ill patients 1 . Clinical assessment of fluid status is hindered by limited sensitivity and specificity of clinical signs in the critically ill patient. Several laboratory and monitoring modalities have been evaluated independently as predictors of fluid responsiveness. Aortic flow time (FT) is the duration of blood flow during systole as measured by Doppler techniques. FT is heart rate dependent. However, correction for heart rate is achieved by dividing FT by the square root of the heart rate period. The result is flow time corrected (FTc), which has been shown to predict fluid responsiveness in critically ill ventilated patients 2 and in neurosurgical critical care 3 . To our knowledge there are no published data on the utility of FTc as a predictor of fluid responsiveness specifically in septic shock. Furthermore, no study has previously evaluated non-invasive, transcutaneously measured FTc as a predictor of fluid responsiveness.
Another variable of interest is plasma B-type natriuretic peptide concentration (BNP). As a biochemical marker of heart failure 4 Our data support FTc as a better predictor of fluid responsiveness than either BNP or central venous pressure in septic shock. Transcutaneous aortic Doppler FTc offers promise as a simple, completely non-invasive predictor of fluid responsiveness and should be evaluated further.
key Words: haemodynamics, septic joint, ultrasonography, Doppler, natriuretic peptides Starling curve). However, the potential use of BNP as a predictor of fluid responsiveness in patients with sepsis has only been subject to one previous investigation. That study concluded that plasma BNP was not a reliable marker of fluid responsiveness 5 , but the potential interaction between cardiac rhythm and BNP was not specifically addressed in that study. Cardiac dysrhythmia, particularly atrial fibrillation, is common in sepsis and is associated with increased BNP 6 .
Given limited data on both these published variables and lack of any comparative studies, we undertook a pilot study to compare FTc, BNP and central venous pressure (CVP) as predictors of fluid responsiveness in septic shock patients without cardiac dysrhythmia. Though its performance as a predictor of fluid responsiveness is questionable 7 , CVP was incorporated as a commonly used guide to clinical fluid therapy. An auxiliary aim was to determine the feasibility of transcutaneous Doppler FTc measurement in the setting of septic shock.
MATeRIALS AND MeTHoDS
The Uniting Care Health Human Research ethics Committee (project 2007/36) and the Guardianship and Administration Tribunal of Queensland (project 2006/06) granted approval for this project prior to commencement.
Patients
This preliminary study recruited 10 consecutive adult septic shock patients treated in a multidisciplinary Australian tertiary adult intensive care unit (ICU) during a four-month period (September to December 2007). eligibility was determined by the clinical decision to undertake intravenous fluid challenge in a patient with septic shock, defined according to the International Sepsis Definitions Conference 8 . exclusion criteria included a patient or legally authorised representative who declined participation, age less than 18 years, cardiac rhythm other than sinus and moderate to severe valvular heart disease. To minimise selection processes, spontaneously breathing patients were included; therefore variables dependent upon heart-lung interaction, such as stroke volume variation and pulse pressure variation, were not studied.
Study protocol
The timing of this study was determined by the clinical decision to administer an acute fluid load. In keeping with recent international consensus statement recommendations 9 , a 250 ml bolus of 4% albumin (Albumex 4 [40 g/l], CSL Ltd, Parkville, Vic.) was administered over 15 minutes by infusion pump. Doppler and other haemodynamic data was collected immediately before and five minutes after fluid loading. During the study period infusions (including sedation and vasopressors) remained constant and no additional medications were administered.
Transcutaneous Doppler
Non-invasive continuous wave Doppler was performed using a commercially available USCoM ® device (USCoM Ltd, Sydney, NSW [ Figure 1 ]). A recent comparison of this device with the pulmonary artery catheter in ICU, yielded bias ± precision of 0.06 l/min/m 2 ± 0.4 l/min/m 2 10 . Using USCoM methodology, measurements were performed via an aortic window, with the 2.2 MHz continuous wave Doppler probe placed in the suprasternal notch or above the clavicle and directed at the aortic valve. All USCoM data resulted from the mean of four consecutive measurements at each time point performed by a single experienced operator. Variables recorded included FTc, velocity time integral, stroke volume, stroke volume index, cardiac output and cardiac index. In the absence of alterations in medications that might affect afterload, FTc less than 350 ms was accepted as an index of hypovolaemia 11, 12 .
Plasma B-type natriuretic peptide concentration
Arterial blood was collected into eDTA tubes (BD Vacutainer, Uk) concurrently with the initial haemodynamic assessment. Plasma BNP concentration was quantified using the ADIVA Centaur ® CP system (sensitivity and assay range 2.0 to 5000 pg/ml). elevation of BNP was defined by a threshold of 144 pg/ml, as previously reported as a strong predictor of cardiac dysfunction in ICU 13 .
Haemodynamics
All patients had central venous catheters for clinical monitoring. Marquette Solar 9500 clinical monitors (Marquette Medical Systems/Ge Healthcare) were used. Pulmonary artery catheters were not used.
Fluid responsiveness
A variable was regarded as a predictor of fluid responsiveness if its baseline value correlated with the change in stroke volume associated with fluid challenge 1 . A favourable response to fluid challenge was defined by an increase in stroke volume of ≥15%; these patients were regarded as responders.
Statistics
Analysis was performed using SPSS, version 14.0 for Windows (SPSS Inc., Chicago, IL, USA). Correlation between variables was assessed using Spearman's rank correlation coefficient. Two-tailed Fisher's exact probability test was used to assess differences between responders and non-responders with regard to baseline variables. Significance was determined as P <0.05.
ReSULTS
Patient characteristics are presented in Table 1 . Mean ± SD Acute Physiological and Chronic Health evaluation II score was 21.8±12.7. All participants remained in sinus rhythm throughout the study. Fluid loading was undertaken during resuscitation of hypotensive patients (60%) or in an attempt to optimise fluid status and reduce vasopressor dose (40%). Mortality in ICU was 40% and in hospital was 60%. Trans-aortic USCoM measurements were satisfactorily achieved on all patients at each study time point. Table 2 presents baseline variables and subsequent change in stroke volume for each participant. Percent change in stroke volume following fluid challenge correlated with FTc (r=-0.81, P=0.004) (Figure 2 (Figure 4 ). Four out of five patients with FTc less than 350 ms responded to fluid challenge, while all participants with FTc greater than 350 ms were non-responders (P=0.047). BNP was not significantly different between responders and non-responders (P=1). Furthermore, three out of seven patients with elevated BNP (greater than 144 pg/ml) demonstrated an increase in stroke volume ≥15%. Two patients demonstrated a decrement in stroke volume following fluid challenge.
Prediction of fluid responsiveness

Relationships between variables
FTc correlated with baseline values of velocity time integral (r=0.83, P=0.003), stroke volume (r=0.85, P=0.001), stroke volume index (r=0.78, P=0.008), cardiac output (r=0.9, P=0.0003), cardiac index (r=0.88, P=0.0007) and BNP (r=0.636, P=0.047). BNP correlated with baseline values of velocity time integral (r=0.66, P=0.04), stroke volume (r=0.75, P=0.01), stroke volume index (r=0.68, P=0.03), cardiac output (r=0.72, P=0.02) and cardiac index (r=0.72, P=0.02). No correlation was observed between BNP and CVP (r=0.4, P=0.2).
DISCUSSIoN
The cardinal finding of this study is that FTc emerged as a better predictor of change in Dopplerderived stroke volume following fluid challenge (fluid responsiveness) than BNP or CVP. To the best of our knowledge, this report represents the first specific evaluation of FTc as a predictor of fluid responsiveness in septic shock. It is also the first reported comparison between FTc, BNP and CVP. In addition, we are unaware of any previous data evaluating transcutaneously measured FTc as a predictor of fluid responsiveness and have confirmed the feasibility of this technique in septic shock. Moreover, our study is the first to demonstrate FTc as a predictor of fluid responsiveness in a cohort that includes spontaneously breathing patients.
Using oesophageal Doppler, FTc has been shown to be a predictor of fluid responsiveness in mechanically ventilated critically ill 2 and anaesthetised neurosurgical 3 patients. Previously, an FTc less than 350 ms has been proposed as an indicator of hypovolaemia 11, 12 . In our study, this threshold allowed discrimination between responders and non-responders. Four out of five patients with FTc less than 350 ms in our study responded to fluid challenge, while all participants with FTc greater than 350 ms were non-responders.
BNP is generally released by cardiac myocytes in response to ventricular strain 14 . It follows that by diagnosing ventricular failure (plateau of Frank Starling curve), elevated BNP should exclude a fluid responsive state. There are scant data addressing this possibility in critical care 5, 15 . our data confirm that BNP does not appear to be useful in septic shock, even when the potential confounding influence of cardiac dysrhythmia is excluded. Although BNP greater than 144 pg/ml has previously been posed as a strong predictor of cardiac dysfunction in ICU 13 , 42% of patients with BNP above this threshold responded to fluid challenge. This data confirms that reported by Pirracchio 5 and strengthens assertions by Rudiger and colleagues, that elevated BNP should not be an indication to withhold fluid loading in septic shock 16 . BNP has previously demonstrated variable correlation with cardiac index in critically ill patients 17, 18 , including patients with septic shock 19 .
The poor correlation between BNP and subsequent change in stroke volume is most likely explained by the existence of confounders. extremely high BNP concentrations have been reported in septic patients, even in the presence of preserved left ventricular systolic function 20 . The precise cause of this is unclear but may be due to several potential confounders, including inflammation 21, 22 , impaired clearance 5 and commonly employed therapies such as altered intrathoracic pressures/ mechanical ventilation 23 and the use of vasoactive and inotropic drugs 24 . In keeping with previous data, static values of CVP did not predict haemodynamic response to fluid challenge 7 .
Two patients demonstrated a decrement in stroke volume following fluid loading. Though this might be exaggerated by test-retest variability, the magnitude of the change (≥10%) supports the possibility that excess volume loading has compromised left ventricular stroke volume, either via ventricular interaction 25 or overdistension of the ventricle in diastole 26 .
Limitations
We have undertaken a preliminary study in a small sample of patients with septic shock. A larger sample should be studied to permit sensitivity, specificity and receiver operating characteristic curve calculations. The inclusion of spontaneously breathing patients contributes to the clinical interest of this study but prevented evaluation of dynamic indices of ventricular filling based on heart-lung interactions 1 . Haemodynamic response to passive leg raising was not undertaken in this preliminary study. Stroke volume and related measurements were performed using a non-invasive, transcutaneous Doppler device, USCoM. This device is an accurate and safe alternative to the pulmonary artery catheter in ICU 10 . Although not specifically validated in septic shock, the principles of Doppler determination of stroke volume are widely accepted 27 . The possibility of inaccuracies relating to angle of insonation and algorithmic estimation of aortic valve cross-sectional area were minimised by recording four repeated measures at each time point by a single, experienced operator and by defining fluid responsiveness in terms of percentage change in stroke volume from baseline. Pulmonary artery catheterisation was not performed on any patient in this study. This is consistent with our usual practice and recent recommendations regarding management of septic shock 9, 28 .
Mathematical coupling must be considered when a relationship is demonstrated between two variables sharing a common component and measured at the same time. In such a case an error in the measurement of the shared component could influence both variables in the same direction and thus could force the correlation between them 29 . We do not believe this is the case in our study, where a correlation has been demonstrated between FTc before fluid loading and the percent change in stroke volume after fluid loading. evaluation of FTc as a predictor of fluid responsiveness using an independent method for determining change in stroke volume/cardiac output is warranted.
CoNCLUSIoNS
Data from this preliminary study support FTc as a better predictor of fluid responsiveness than either BNP nor CVP in septic shock. Transcutaneous aortic Doppler FTc offers promise as a simple, completely non-invasive predictor of fluid responsiveness and should be evaluated further in larger studies.
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